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Abstract

Natural gas is an abundant resource in various part of the world. Methane is main constituent of natural gas, coalbed gas and biogas. Methane is produced in huge quantities during oil production as associated gas and also produced in the petrochemical refining and petrochemical processes. It is also available in huge quantities as methane hydrate at sea beds. Since methane is available and produced mostly in remote places, its transportation is very costly or even impossible. Therefore, much of the natural gas associated with oil is flared causing not only a wastage of valuable energy under the present energy crisis but also global warming due to the release of very large quantity of CO2 in the atmosphere. Even from the environmental consideration, the methane / natural gas produced in the remote places need to be converted into easily transportable and / or value added products involving either oxidative or nonoxidative activation of methane. 
Syngas (a mixture of CO and H2) is a versatile feedstock for methanol and ammonia syntheses and oxo-processes and also for a number of F.T. syntheses for the production of liquid fuels, olefins and oxygenates. Hence, the conversion of methane to value added products via its conversion to syngas is highly promising one, provided the syngas from methane is produced economically. Presently, syngas is produced by the steam reforming of methane or higher hydrocarbons. Because of its several limitations / drawbacks (high energy requirement, high H2/CO ratio, low selectivity / yield for CO, high capital cost and low space-time-yield), the steam reforming process is uneconomical for its use in the methane conversion. Autothermal reforming of methane to syngas is also a well-established process but it also suffers from a number of serious drawbacks limiting its use in the syngas production. In the past 12 to 15 years, catalytic partial oxidation of methane to syngas has been extensively investigated. This process is mildly exothermic one and provides syngas with desirable H2/CO ratio (about 2), required for the methanol and F.T. syntheses. However, it is highly hazardous in nature because of the simultaneously occurring highly exothermic combustion of methane to CO2 and water. Although, this limitation could be partially overcome by carrying out the partial oxidation of methane simultaneously with the steam and / or CO2 reforming of methane over the same catalyst, and thereby coupling the exothermic oxidative conversion and endothermic CO2 and / or steam reforming reactions, the catalyst employed should have very high thermal stability (preferably upto 1500 oC). It is of great practical importance to develop a high temperature stable catalyst having high activity and selectivity for the methane to syngas conversion reactions, involving the exothermic oxidative conversion reactions.
Because of the increasing importance of the CO2 sequestration for avoiding global warming, CO2 reforming of methane to syngas has been considered as an important process for the utilization of CO2. Apart from the high-energy requirement, this process also suffers badly from a very rapid carbon deposition on the catalyst, particularly Ni-based catalysts. It is therefore of great practical importance to develop a non-noble metal-based catalyst, which allows only a little or no carbon formation in the CO2 reforming reaction.
Methane is most inert amongst hydrocarbons and hence its activation at low temperature (< 600 oC) is very challenging. Earlier studies showed that at low temperatures, methane could be activated in the presence of higher hydrocarbons over bifuntional pentasil zeolite. Practically it would be more interesting if methane could be activated in the presence of methanol which itself can be produced from methane. 
It is also interesting to investigate the conversion of ethane to ethylene (which is a keystone to petrochemical) in the pyrolysis of ethane in the presence of CO2 with or without O2 for utilizing CO2 as an oxidizing agent. 
The present work for Ph.D thesis is, therefore undertaken as a part of the comprehensive R & D programme in our lab for the conversion of methane / lower alkanes, with the following objectives:
-	To develop high temperature (upto 1500 oC) stable catalyst for the partial oxidation of methane to syngas with or without simultaneously occurring steam and/ or CO2 reforming reactions.
-	To develop unsupported and supported non-noble metal containing catalyst having high activity with little or no coke formation in the CO2 reforming of methane in the presence or absence of steam and / or O2.
-	To study low temperature activation of methane in the presence of methanol or other oxygenates over bifuntional pentasil zeolite catalysts.
-	To study pyrolysis of ethane to ethylene in the presence of CO2 with or without O2.
The thesis has been divided into seven chapters, as follows-
CHAPTER I: INTRODUCTIONOBJECTIVE AND SCOPE
In this chapter, a general introduction including background and literature survey, covering the following catalytic and non-catalytic processes:
	  methanetosyngas conversion processes.
    nonoxidative activation of Methane for its conversion into value added      products, 	                                                                                           
	  noncatalytic oxidative dehydrogenation of ethane,   
and also the objectives / scope of the Ph.D work have been covered
CHAPTER II: EXPERIMENTAL
    In this chapter the experimental procedures for
-	the preparation and / or modification for different catalysts used in the methane-to-syngas conversion reactions and non-oxidative activation of methane, 
-	the characterization of the catalysts by different surface and bulk analytical tools (viz, BET surface area, TPR, XRD, XPS, H2 pulse study, SEM-EDAX), and
-	the catalytic reactions and also non-catalytic ethane pyrolysis
have been described.
CHAPTER III: CO2 REFORMING, SIMULTANEOUS CO2 AND STEAM REFORMING AND OXY- CO2 REFORMING OF METHANE TO SYNGAS OVER COBALT CONTAINING CATALYSTS
     A number of nickel, cobalt or nobel metal containing catalysts (viz. CoMgOx, CoCaOx, NiMgOx, CoOx/Al2O3, CoOx-ZrO2, CoOx-ThO2, CoOx-Y2O3, CoLaOx, CoSmOx, CoCeOx, CoEuOx, CoYbOx, CoNdOx, Rh/Al2O3, Ru/Al2O3) have been compared for their performance in the CO2 reforming of methane to syngas at 850oC (CO2/CH4=1.1 and GHSV=20,000 cm3g-1h-1). The NiMgOx, CoOxZrO2, CoOxY2O3, CoCeOx and Rh or Ru/Al2O3 catalysts showed high activity and also high H2 selectivity but also a high rate of carbon deposition on them during the reaction. However, almost no carbon formation was observed when the CoNdOx (Co/Nd = 0.1 – 4.0) was used as the catalyst in the CO2 reforming. The performance of this catalyst (with Co/Nd=1.0) in the CO2 reforming, in the OxyCO2 (simultaneous partial oxidation and CO2 reforming reactions, with CH4/O2= 2.2 to 2.9 and CH4/CO2= 2.6 to 7.3) and also in the simultaneous CO2 and steam reforming (CO2/H2O= 0 to 2.5) of methane has been thoroughly evaluated at different temperatures (750 to 900 oC) and space velocities (10,000  40,000 cm3g-1h-1). The catalyst showed high activity in these processes. Moreover, at all process conditions, almost no carbon formation over the catalyst was observed in these methane-to-syngas conversion processes. The TPR (by hydrogen) studies of the catalyst indicated the presence of both the free cobalt oxide and NdCoO3 perovskite in the CoNdOx catalysts, depending upon the Co/Nd ratio.
CHAPTER IV:  CO2 REFORMING AND OXY-CO2 REFORMING OF METHANE TO SYNGAS OVER COBALT CONTAINING CATALYSTS SUPPORTED ON DIFFERENT COMMERCIAL MACROPOROUS CATALYST CARRIERS
Different Co containing supported catalysts (viz. CoO/MgO/SZ-5205, CoO/ZrO2/SA-5205, CoO/CeO2/SA-5205, CoO/Y2O3/SA-5205, CoO/ThO2/SA-5205, CoO/ZrO2/SZ-5564, CoO/CeO2/SZ-5564, CoO/Y2O3/SZ-5564, CoO/ThO2/SZ-5564, CoO/Nd2O3/SA-5205, CoO/Nd2O3/SZ-5564, CoO/MgO/SZ-5564) have been evaluated for their performance in the CO2 reforming reaction at 850 oC (CO2/CH4=1.1 and GHSV=20,000 cm3g-1h-1). Among these catalysts, CoO/MgO/SA-5205 catalyst showed the best performance (high activity and H2 selectivity). The performance of this catalyst has also been studied at different reaction temperatures (750  900 oC), space velocities (10,000  40000 cm3g-1h-1) and CO2/CH4 ratios (0.5  2.0). The influence of the catalyst calcination temperature (900 oC and 1200 oC), Co loading (5  40 wt%) and different commercial supports on the performance of the supported CoO/MgO catalyst in the CO2 reforming process has been studied. Detailed investigations on the temperature effect (700  900 oC), GHSV effect (23000  92000 cm3g-1h-1) and feed gas ratio effect (CH4/CO2= 2.5 to 7.3 and CH4/O2= 2.1 to 2.9) for the OxyCO2 reforming of methane over the CoO/MgO/SA-5205, CoO/CeO2/SA-5205 and CoO/ZrO2/SA-5205 catalysts have also been carried out. On these catalysts, only a little carbon deposition was observed during the CO2 reforming but no carbon deposition was detected during the Oxy-CO2 reforming.
CHAPTER V: 	HIGH TEMPERATURE STABLE SUPPORTED NiCo CATALYSTS USEFUL FOR HIGHLY EXOTHERMIC METHANE-TO-SYNGAS CONVERSION PROCESSES
     In order to develop a high temperature stable catalyst for exothermic methane-to-syngas conversion processes, including the autothermal reforming of methane, a number of supported different Ni-Co catalysts (viz. CoO-NiO/SZ-5564, CoO-NiO/ZrO2/SZ-5564, ZrO2/SZ-5564, CoO-NiO-MgO/SZ-5564, CoO-NiO/MgO/SZ-5564, CoO-NiO-ZrO2​/SZ-5564, CoO-NiO-MgO-CeO2/SZ-5564, CoO-NiO-ZrO2-CeO2/SZ-5564) have been evaluated for their performance in the partial oxidation of methane (POM) to syngas at different temperatures (550 to 900 oC for CH4/O2=1.8 and GHSV= 62,000 cm3g-1h-1). Among the catalysts, CoONiOMgO/SZ-5564 (with or without CeO2) catalyst, even when calcined at 1400 oC, showed high activity with high selectivity (for both H2 and CO) at the high space velocity (62,000 cm3g-1h-1). Effect of temperature (550  900 oC), space velocity (30000  120000 cm3 g-1 h-1) and presence of sulphur in the feed (7000 ppm) on the conversion and selectivity for this catalyst has also been studied. When the catalyst was subjected directly to oxyacetylene flame for a short period (0.5 min) repeatedly or once for a much longer period (30 min), there was no significant change in its performance in the POM reaction. The performance of the catalyst (calcined at different temperatures or subjected to the oxyacetylene flame) in the POM, OxyCO2 and OxySteam reforming of methane at different process conditions have also been evaluated, the catalyst showed excellent performance in all these exothermic processes.
CHAPTER VI: LOW TEMPERATURE NON-OXIDATIVE ACTIVATION OF METHANE OVER BIFUNTIONAL PENTASIL ZEOLITES IN PRESENCE OF METHANOL OR OTHER OXYGENATES: SIMULTANEOUS CONVERSION OF METHANE AND METHANOL OR OTHER OXYGENATES INTO HIGHER HYDROCARBONS / GASOLINE
     Non-oxidative methane activation in the presence of methanol and simultaneous conversion of methane and methanol to higher hydrocarbons / gasoline (at < 600 oC) over a number of bifunctional pentasil zeolites (viz. Ga, In, Mo, Zn, Tl, Fe or Pt modified ZSM5 catalyst’s (such as - H-GaAlMFI, H-GaMFI, Zn/H-ZSM5, Zn-Mo/H-ZSM5, Zn-In/H-ZSM5, Fe-Al/GaAlMFI, Zn/GaAlMFI, Zn-Tl/H-ZSM5, Zn-Ga/H-ZSM5, Pt/GaAlMFI) have been investigated. In the presence of methanol or other oxygenates (e.g. ethanol, acetone, etc.), methane was found to be activated and converted to higher hydrocarbons, depending upon the bifunctional zeolite catalyst and process conditions. The methane converted per mole of oxygenate was strongly influenced by the temperature, CH4/oxygenate ratio in the feed and space velocity.
CHAPTER VII:  NONCATALYTIC PYROLYSIS OF ETHANE TO ETHYLENE IN THE PRESENCE OF CO2 WITH OR WITHOUT O2
      Noncatalytic pyrolysis of ethane to ethylene in the presence of oxygen and / or CO2 has been studied at different temperatures (750oC  900oC), space velocities (1500  9000 h1), CO2/C2H6 ratios (0  2.0) and O2/C2H6 ratios (0  0.3). The influence of the process parameters on the ethane conversion and product (viz. ethylene, methane and higher hydrocarbons, CO, etc.) selectivity in the pyrolysis has been thoroughly investigated. 



